Detailed evaluations of the field performance of photovoltaic cells with multiple active junctions requires spectrally-resolved solar irradiance data. A single averaged metric, the Average Photon Energy (APE), is commonly used to facilitate such evaluations. However, it is not clear whether it can be used as a unique identifier for a specific spectral irradiance distribution across different geographic locations. This possibility is investigated in this paper by comparing the spectral distributions of global horizontal irradiance from two different locations, indexed by APE value. After filtering the datasets to remove low irradiance data, the APE is shown to be a strong predictor of spectral irradiance distribution for the two datasets. Comparing irradiance data from the different locations showed that the same APE value defines very similar distributions for global horizontal spectral irradiance recorded at the sites considered. Furthermore, it is demonstrated how the APE value could potentially be used as a quality control for spectral irradiance measurements.
1. Introduction
Motivation
Sophisticated photovoltaic (PV) material structures that include multiple active junctions are driving the continuous improvement of the conversion efficiency of PV devices. These technologies convert a greater portion of the solar spectrum into electrical power than single-junction devices, with a corresponding increase in total operating efficiency. However, as these junctions are usually connected in electrical series, the overall efficiency of multi-junction cells is more sensitive to changes in the distribution of energy across the solar spectrum. This complicates the prediction of energy yields, particularly over long time periods with varying spectral conditions. Spectrally resolved irradiance data provide information essential for evaluating and modelling the performance trends of systems containing multi-junction cells under field operation. To perform these analyses upon large datasets, it is computationally convenient to be able to represent the spectral distribution with a single averaged metric that can indicate the relative balance of long and short wavelengths. Whilst there could exist many combinations of spectral distribution that could result in similar average values, natural limits to the stochastic variability of solar spectra suggest that there is a likelihood that a single averaged value could describe a specific spectral distribution.
Average Photon Energy
An averaged metric popular within the PV community is the 'Average Photon Energy' (APE) value, first proposed by Jardine * Corresponding Author et al. in 2002 [1, 2] . This is analogous to an average wavelength value [3] but instead, it represents the average energy of all the photons impinging upon a target surface. The APE is calculated by dividing the total energy in a spectrum by the total number of photons it contains, as shown in Equation 1. Here q [eV] is the electron charge, E λ [Wm −2 ] is the spectral irradiance at wavelength λ, and Φ λ is the photon flux density at wavelength λ.
The photon flux density is in turn calculated using the PlankEinstein relation hc/λ [J] using the formula in Equation 2. The APE value is therefore independent of the absolute intensity of light at each wavelength and indicates only the averaged distribution of light across the spectrum.
The APE value is used as a convenient means for extracting or modelling PV performance trends against large datasets of spectral irradiance distributions. Unlike the 'Useful Fraction' (UF) index [4] or the 'Z Parameter' [5] , the APE is a technology-independent parameter that describes only the spectral quality of solar irradiation. The APE has been used in a number of studies to examine the output of different PV technologies as a function of spectral resource [6] [7] [8] [9] [10] [11] [12] [13] .
The question that arises when using the APE as an indicator of spectral irradiance distribution is whether it can be relied upon to represent a unique distribution of energies across the spectrum with an uncertainty low enough to facilitate the spectral analyses described above. This question was addressed in previous studies by Minemoto et al. [14, 15] . To perform this assessment they used global horizontal spectral irradiance taken over the range of 350 -1050 nm. The APE values were calculated using Equations 1 and 2 and used to group the measured spectra in APE steps of 0.02 eV. For their particular dataset, standard deviations of up to 0.4% of the total irradiance were reported, allowing them to conclude that the APE is a reasonable index to describe spectral irradiance distributions used for evaluating PV performance. However, it was acknowledged that this result applied only to the dataset considered and would perhaps not hold true across different measurement sites. Furthermore, it has not yet been shown whether a single APE value will correspond to the same spectral distribution at different measurement locations. The usefulness of APE analyses may therefore be limited if they cannot be compared across different sites.
In this work, the authors attempt to demonstrate that the APE is a suitably robust metric for classifying spectral distributions by expanding the work of Minemoto et al. This is done by analysing spectral irradiance datasets from two different locations, and cross-comparing the results to understand whether APE analyses yield consistent results across different measurement locations.
Method and Instrumentation

Approach
Two spectrally-resolved global horizontal irradiance (GHI) datasets have been obtained, providing data collected using different equipment at different locations and climatic conditions. A summary of these datasets, including the wavelength range of the spectral irradiance measurements and the reported spectroradiometer calibration uncertainties (U c ), is given in Table  1 . When evaluating the APE as an indicator of spectral irradiance distribution, the uncertainties involved in each measurement system have to be considered, not least because a crosscomparison of results is to be performed. Spectroradiometer inter-comparison campaigns [16, 17] occasionally use a 'performance statistic' (PS) to quantify the extent to which different systems agree on a measurement. This unit-less value is calculated using the measurement uncertainty (U n ) of each n system along with their measurements over a given wavelength range (M λn ) under a common irradiation source, as shown in Equation 3. Here, the 'performance statistic' will be used to provide a quantitative assessment of how well the different datasets agree on the spectral irradiance distribution defined by a given APE value. A rigorous calculation of the outdoor measurement uncertainties to use in Equation 3 is outside the scope of this work. Instead they will be approximated as the combination of the calibration uncertainties (U c ) and the standard deviation of the measurements (using a coverage factor k = 2).
The first dataset was recorded at the European Joint Research Centre in Ispra (Italy), latitude 45
• , over the period of time from February 2009 to June 2010. These data consist of global horizontal spectral irradiance measurements taken over the range of 400 -2500 nm in steps of 2 nm. The measurements were taken at intervals of approximately 30 minutes, and each measurement is the result of a scan lasting between 6 to 7 minutes. The instrument used to take the measurements was an OL750 from Optronic Laboratories, and it was mounted in a fixed horizontal plane. Calibration of this system is regularly performed in-house using an NPL-calibrated standard lamp.
The National Renewable Energy Laboratory (NREL)
The NREL Solar Radiation Research Laboratory is located in Golden, Colorado (USA), latitude 40
• . Spectral irradiance data measured on this site are made publicly available through the NREL website. Three years of global horizontal spectral irradiance data were downloaded covering the years 2011 to 2014. The spectral irradiance dataset was stored at a resolution of 2 nm every 5 minutes with a LICOR LI-1800 spectroradiometer with traceability to the NIST Standard of Spectral Irradiance Lamp Standards. The instrument used has 6 nm spectral bandwidth and the detector is not temperature controlled. The measurements were made using a standard cosine receptor mounted horizontally. The usable spectral range of the instrument is 300 to 1100 nm.
Data preparation 2.3.1. Data correction
The JRC data were corrected to account for a mismatch in the global spectral irradiance measurements between the visible and near infra-red parts of the spectrum. After one routine calibration procedure, an error in subsequent measurements over the collection period was detected. Spectral curves showed a discontinuity at approximately 1050 nm, at the point where the detector type changes from c-Si to PbS. This caused measurements at longer wavelengths to be lower than in reality. Later investigations also revealed a progressive degradation over time.
These errors were corrected by applying a unique coefficient defined for each spectral measurement. The coefficient was calculated by assuming that the points between 1000 and 1100 nm fall on a straight line to a good approximation. Regression lines were calculated for the ranges 1000 to 1048 nm and 1060 to 1100 nm, and the coefficient to be applied to measurements with wavelengths greater than 1050 nm was determined as the value that made the two lines meet. Quality controls performed after this procedure confirmed that the spectral data before and after the discontinuity were consistent.
Data filtration
Both the broadband integral irradiance and the APE value are affected by the range of wavelengths over which they are calculated, and the absence of a common range can prevent the direct comparison of APE values between datasets. Differences in wavelength ranges are often unavoidable due to the sensitivity of the measurement systems used at each site (as seen in Table 1 ). Consequently, for the comparisons presented here it was necessary to limit these ranges to maximum and minimum values common to the datasets being compared. As a result, the comparison of global horizontal spectral irradiance was performed over the range of 400 -1050 nm. A summary of the wavelength limits used in this paper is given in Table 2 . To demonstrate the effect of these limits, the APE of the standard AM1.5 spectrum for different wavelength ranges is also shown in the same table.
At high atmospheric depths or under extremely turbid or cloudy conditions, the variations of spectral irradiance distribution can be much larger than under clear sky conditions. Measurements taken under such conditions can result in a wide dispersion of spectral irradiance data and complicate the APE analysis, despite contributing little to the total solar energy resource available for the photovoltaic systems. In order to remove these effects, all datasets were filtered so as to exclude measurements obtained under irradiance intensities below 150 Wm -2 , in keeping with previous approaches. 
APE analysis
To evaluate the APE values for the spectral irradiance data we have followed the integral range and methodology used by Minemoto et al. [14] as closely as possible, in order to provide the best comparison of results. This approach is based on the calculation of spectral matching adopted by the IEC technical commission in international standard IEC 60904-9. The APE analysis procedure is as follows:
1. The integrated broadband irradiance is calculated for each spectrum over the wavelength ranges detailed in Table  2 , and the dataset is filtered to remove instances where the irradiance level was below the thresholds given in the same table. 2. The average photon energy is calculated for each spectrum measured using the formulae in Equations 1 and 2.
3. For each spectral measurement, the irradiance values are grouped into bands of 50 nm, and the mean value of each band is calculated. 4. The percentage contribution of the integrated irradiance of each 50 nm band to the integrated broadband irradiance over the wavelength range considered is calculated. 5. All measurements are then grouped by their APE value in steps of 0.02 eV, each group containing measurements falling within ± 0.01 eV of the nominal value. 6. The means and standard deviation of the integrated irradiance values in each 50 nm band are then calculated for all the measurements contained in every APE group.
Results
JRC APE analysis
The APE values for the JRC global irradiance dataset were calculated over the range 400 -1050 nm. The range of significant APE values for this dataset after filtering out the measurements with integrated irradiance lower than 150 Wm -2 is between 1.78 and 1.92 eV. The relative percentage distributions of energy for this range of APE values were then plotted in steps of 0.02 eV, as shown in Figure 1 . For each APE group, the standard deviation of the irradiance contribution of every 50 nm band to the broadband irradiance was calculated. Table 3 reports the minimum, maximum and average standard deviation across all 50 nm bands for the significant APE values, along with the number of samples that were used to calculate the means for each APE value. It is interesting to note that the 1.84 eV APE band that corresponds to a standard AM1.5 global distribution over this range exhibits one of the lowest standard deviations. 
NREL APE analysis
The APE values for the NREL global irradiance dataset were calculated using the wavelength range between 400 -1050 nm, and filtered to remove data obtained under a broadband irradiance threshold of 150 Wm -2 . The energy distribution described by each APE value showed an excellent year-on-year agreement over time with no appreciable differences between years. The significant range of APE values is between 1.78 and 1.94 eV. The relative percentage distributions of energy for this range of APE values are shown in Figure 2 . A regular change of spectral distribution was observed with every APE interval, with a nearly constant percentage contribution of the 650 -700 nm band to the broadband irradiance across the range of APE values studied. The standard deviations of the contributions to the broadband irradiance of every 50 nm band are shown in Table 4. 
Analysis and Discussion
Comparing spectral irradiance distributions using APE
A comparison of the global horizontal spectral irradiance distributions for various APE values has been performed. The calculations were performed using the same wavelength ranges and irradiance threshold as described in the previous analyses. To make the APE values consistent across the two datasets, the range of wavelengths used in the calculation was limited from 400 nm to 1050 nm in both cases. Over this range the standard AM1.5 global spectrum has an APE value of 1.84 eV. This APE value is one of the most frequent in both datasets and shows one of the lowest standard deviations of the irradiance distribution over the wavelength range considered. Figure 3 shows the spectral irradiance distributions for four APE intervals spanning the majority of the data collected, and indicates an excellent match between the two measurement sites.
For the two datasets studied in this evaluation, the APE was consistently found to be a metric that defines a certain spectral irradiance distribution with low standard deviation. This finding supports the previous results obtained by Minemoto et al.; although some standard deviations reported in this work are marginally higher, they are of similar orders of magnitude. The mean standard deviations for the most significant APE values in all cases were found to be below 1%. It is interesting to note that in both datasets the contribution to the total broadband irradiance of the integrated irradiance in the 650 -700 nm band tends to remain constant; irradiance intensities in this part of the spectrum are effectively directly proportional to the total irradiance intensity. Since this could arise out of coincidence due to the particular method used to analyse these datasets, it would be interesting if further study of other datasets revealed this to be consistent. In that case, this could potentially be used as a check of spectrometer linearity with intensity.
Applying the 'performance statistic' calculation, defined in Equation 3, to the results provides a quantitative evaluation of the level of agreement between the different datasets. A P S value of between -1 and +1 indicates an agreement that takes into account the standard deviation of measurements and initial calibration uncertainties. Values of P S falling outside these boundaries signifies an unsatisfactory level of agreement. The results of this analysis are plotted in Figure 4 . From these plots, an excellent agreement is confirmed between both the two global irradiance datasets and the DNI spectral data. This example demonstrates the usefulness of using an APE analysis to compare different datasets. It follows that if a given APE value can describe a spectral distribution independent of location or time, then this can be used as an approximate reference point to validate measurements. Comparing spectral distributions classified by APE may be used to flag measurements that fall outside of reasonable boundaries, and thereby be used as a form of quality control.
Conclusions and Further Work
The results presented in this work have confirmed the findings of previous studies showing that APE values at a given location correspond to specific spectral irradiance distributions with low standard deviations. In the two datasets analysed, the mean standard deviations of the spectral irradiance distributions were within 1%. This is within the typical measurement uncertainties of the equipment used to perform spectrally-resolved solar irradiance measurements.
This study has expanded on previous evaluations by also comparing spectral irradiance distributions corresponding to the same APE values measured at different sites. The APE analysis showed that the global irradiance measurements studied had a high level of agreement across all the significant APE distributions, making it a useful metric in the evaluation of spectral effects on photovoltaic systems.
At this stage, collection and analysis of data from more sites is needed to confirm these findings, as the use of just two measurement sites is not sufficient to draw firm conclusions. Nonetheless, this work has found evidence to support the proposition that APE values correspond to solar spectral irradiance distributions that are independent of measurement time and location. This could then potentially offer institutes collecting such data a convenient means by which to perform a basic validation of their measurements as part of a quality control regime.
